Design decision-making in infrastructure tenders is a challenging task for contractors due to limited time and resources. Multi-criteria decision analysis (MCDA) promises to support contractors in dealing with this challenge. However, the ability of MCDA to ensure decision quality in the specific context of infrastructure tenders has gained little attention. By undertaking a longitudinal case study on early design decisions in a tender for a design-build project in the Netherlands the relationship between MCDA and decision quality is investigated. The case results show that in the early tender phase the decision making very much relies on the experience and knowledge of engineers. If MCDA is inappropriately used in such a context it can create impressions of soundly underpinned evaluations of design options while neglecting uncertainties and leading to low-quality decision. Although MCDA defines the "what" is required for structuring the decision problem, it does not support decision-makers in the "how" to do it. The explicit consideration of decision quality elements in MCDA can support the "how" and can create awareness for decision makers concerning importance, scope and uncertainty of criteria.
Introduction
In the context of public infrastructure projects integrating design and construction, contracting firms are required to explore and decide on various design alternatives before a tender is let. During this tender period, which can last from 3 months for smaller projects to 1 year for larger projects, contractors have to evaluate a number of design options with varying levels of detail based on a preferred design that reflects different and sometimes conflicting customer needs or prescribed functional requirements. In addition, developing an overall design solution for an infrastructure tender requires an early understanding of the impact of design choices on later project stages (Van Der Meer et al. 2015) . Whether these early phase design decisions will lead to the most competitive and economically feasible solution remains unknown until the client has evaluated all submitted solutions and selects a preferred bidder. At that moment, the preferred bidder still runs the risk of having submitted an economically unfeasible solution due to mistakes made during the tender. These mistakes will manifest themselves during later project phases such as the detailed engineering phase or the construction phase.
To address the large variety of criteria involved in design decisions for infrastructure tenders, the use of multi-criteria decision analysis (MCDA) tools and methods (e.g. Analytic Hierarchy Process, Multi-Attribute Utility Theory) appears beneficial for systematically structuring both the decision-making problem and the considerations and preferences of the stakeholders regarding the different alternatives. The promise of MCDA is to significantly improve the quality of the decision-making process by introducing transparency, analytic rigour, auditability and conflict resolution for multidimensional decision problems (Kabir et al. 2014) . Not surprisingly, MCDA has gained popularity in different industries (Wang et al. 2009 , Huang et al. 2011 , Kabir et al. 2014 , Mardani et al. 2016 ) but also for decision problems in the construction and infrastructure sector (Jato-Espino et al. 2014 , Bueno et al. 2015 , Tscheikner-Gratl et al. 2017 . This also includes the tender phase of construction projects. Previous research has suggested several MCDA approaches that can support construction clients in selecting the appropriate contractor (Hatush and Skitmore 1998 , Fong and Choi 2000 , Mahdi et al. 2002 , Cheng and Li 2004 , Singh and Tiong 2005 or contractors in selecting a suitable bidding strategy (Fayek 1998, Marzouk and Moselhi 2003) . However, these studies also have shown that the application of MCDA typically requires the decision maker to make sharp criteria judgements while the information basis is rather weak or to follow a timeconsuming process to account for decision uncertainties. This raises some doubts about the suitability of MCDA for ensuring qualitative design decisions in early tender phases for integrated projects. Here, contractors are often forced to make design decisions due to limited time and resource availability without having sufficient information to completely understand the entire set of infrastructure requirements, the operational environment of the infrastructure, and the emergent infrastructure behaviour (Laryea 2013 , Van Der Meer et al. 2015 .
By conducting a longitudinal case study on early design decisions in a tender for a design-build project in the Netherlands, this research aims at exploring the suitability of MCDA to ensure decision quality in the context of infrastructure tenders. It extends the understanding of the application of MCDA in the construction sector by showing that inappropriately used MCDA tools and methods can create impressions of soundly underpinned evaluations of design options while neglecting uncertainties and leading to premature decisions of low quality. It particularly shows that MCDA in early tender phases of integrated projects cannot prevent variations in the problem framing between engineers, differences in the logic of using and relying on criteria in the decision-making, and inconsistencies in the desired outcomes resulting from inadequate detail in the design solutions.
In the next section, the decision quality concept is introduced and integrated with the general steps of creating an MCDA to develop a framework that allows the analysis of the achieved decision quality in a tender for a Dutch infrastructure design-build project. Next, the research approach for the longitudinal case study is outlined and how the MCDA process consisting of the weighted-sum method (WSM) and a tradeoff matrix (ToM) as MCDA tool is evaluated. Thereafter the case study results are presented. The discussion section outlines the decision quality in infrastructure tenders when using MCDA and outlines possible improvements for the quality of the decision-making process. Some general remarks regarding the possibility of safeguarding decision quality in the tender context by combining decision quality elements with MCDA are made in the conclusion section.
Conceptual basis

Decision quality
The quality of decision making can manifest in two ways: (1) by the process of making a decision and (2) by the different outcomes of a decision (Hershey and Baron 1992, Keren and Bruin 2005) . The outcome perspective puts emphasis on the actual consequences of a decision that is, however, very hard to determine because there is no objective criterion available when the decision is made. That is, for evaluating decision quality, one must know the possible outcomes of a decision, which are not readily accessible prior to the decision (Timmermans and Vlek 1996) . For construction projects, many evaluations of comparable projects are required to determine the possible outcomes of decisions made in tenders. Although these evaluations might be valuable for contractors, they are impossible to compare. Decisions made in construction projects have a high level of coherence which makes it impossible to determine the actual consequences of each decision. Some outcomes are impossible to evaluate, even if the evaluation data are available. For example, the bidding strategy of competitors is an uncertain determinant that cannot be judged prior to the decision and can lead to losing the bid despite all the best analysis during the tender. From a processoriented perspective, the effort used to make the decision determines the quality of the decision. The main idea here is that the quality of the decision is not influenced by the outcome of the decision but merely by the quality of the analysis and thought while making the decision (Abbas 2016) . This means that the quality of a decision does not consequently affect the outcome of a decision. For example, a carpenter decides to quickly repair a rooftop leaving his safety equipment untouched. The repair is successful and without any accidents. In this case, the decision itself would not be classified as of high quality, although the outcome of the decision is successful. The carpenter can only influence the quality of the decisions before making the decision. He has no control over the outcome of decisions because of external circumstances such as a sudden gust of wind. Therefore, the quality of a decision is better measured by the process of making the decision. This process-oriented view on decision quality corresponds to the tender context because the outcome of the design decisions remains unknown until the project is awarded or eventually built. For example, a decision is made to repair an existing construction instead of rebuilding the construction. Given this decision, the contractor only knows the outcome (and the corresponding consequences) of the chosen option if the tender is awarded. The consequences of the other alternative remain unknown. Without this outcome information, the evaluation of the decision contains an inherent component of uncertainty (Einhorn and Hogarth 1978) . Thus, the main argument for following a process-based approach is that all decisions in an infrastructure tender are made under uncertainty and risk or as Vlek (1984) put it: "A decision is, therefore, a bet, and evaluating it as good or not must depend on the stakes and the odds, not on the outcome (page 7)". The difficulty, however, is to obtain the appropriate structure and problem space, reflecting all possible outcomes, the degree to which they fulfil the goals, the contingencies between decision and outcome, and the probability of occurrence of different outcomes. The best decision, then, is the alternative with the highest chance of fulfilling the decision maker's goals. Therefore, the process-oriented approach evaluates a decision's quality by its structure, including how well it represents the decision maker's goals (Keren and Bruin 2005) .
High-quality decisions can be characterized by the following six elements that all need to be present in the decision-making process ( Howard 1988 , Spetzler et al. 2016 . The first element is an appropriate frame of the decision, which includes a clear understanding of the problem and the determination of the boundaries of the decision. These boundaries are created by what is given, what needs to be decided during the tender and what can be decided after the contract is awarded. For each tender, these boundaries vary based on the client wishes, the contractual boundaries such as the price and non-price factors in the economic scoring formula (Ballesteros-P erez et al. 2012) and the connection with existing infrastructure. The second element is the identification of creative and feasible alternatives. The design alternatives in tenders vary between higher levels of detail based on a preferred design reflecting the clients' needs or lower levels of detail if alternatives are only based on functional requirements. The third element is the availability of meaningful, reliable and unbiased information that reflects all relevant uncertainties and risks. The information in a tender can be made available by the client or requires additional resources of the contractor for doing inspections, tests, or research on site.
During a tender, specific (governmental) regulations that guarantee transparency and equal opportunism for bidders, limit the availability of relevant information to reduce uncertainty and risk. Examples are all sorts of inspections required for analyzing the current state of constructions, soil conditions or specific stakeholder requirements and wishes as it is often not allowed to contact stakeholders. The fourth element is the clarity about the desired outcomes, including acceptable trade-offs. This element relates to the subjective assessment of the potential outcomes of each alternative described in terms of qualitative (e.g. scores) and quantitative (e.g. predicted costs) values and the corresponding assessed outcome probabilities. The fifth element is the logic by which the decision is made. This process includes considerations of uncertainty and risk related to the appropriate level of complexity. Within the infrastructure tenders, underdefined and conflicting objectives such as the economic impact of client wishes and incomplete knowledge of the infrastructure behaviour at later project stages are only a few considerations of uncertainty. The decision maker should select the alternative with the highest expected value, the most certain alternative, or use any other logic for the decision. The sixth element is the commitment to action by all stakeholders to achieve effective action.
These decision quality elements (DQ elements) provide criteria for evaluating the performance of the decision maker on (1) obtaining relevant information and (2) the construction of the problem space and inserting the relevant information appropriately in the decision problem structure.
Multi-criteria decision analysis and decision quality
The aim of multi-criteria decision analysis (MCDA) is to help decision-makers in dealing with complex problems that are characterized by conflicting objectives. It supports a decision maker by organizing and synthesizing the available information to identify the most important criteria for selecting a solution, comparing alternative solutions on those criteria and finally deciding on one solution. This process typically requires scoring or ranking various alternatives against multiple criteria. The result of decision analysis is derived from the scores, as the alternative with the highest score or rank is the most preferred solution (Keeney 1988) . The decision maker is expected to be consistent and rational in his/her preferences and avoid post-decision regret or drawbacks in the decision process.
Literature on multi-criteria decision making has increased tremendously since the 1970s and a multitude of decision making methods and tools have been developed for a variety of decision problems (Belton and Stewart 2003, Mela et al. 2012 ) Numerous reviews have been conducted on the application of MCDA methods in different fields such as agriculture (Hayashi, 2000) , environmental planning (Huang et al. 2011) , forest management (Ananda and Herath 2009), sustainable energy (Wang et al. 2009) or supply chain management (Ho et al. 2010) but also construction (Jato-Espino et al. 2014) and infrastructure (Kabir et al. 2014) . These reviews reveal the advantages and disadvantages of MCDA methods which are often designed for a unique decision context. They also show that, despite the variety, the methods all have in common the aim of structuring and guiding the decision-making process to support rational, well-informed and committed decisions. In this sense, they inherently intend to improve the decision quality of the MCDA process which can be described by the following four steps (Guitouni and Martel 1998) and can be related to the elements of decision quality (Table 1): 1. Determine various alternatives: The identification of alternatives is required to start a multi-criteria decision analysis. This first step in an MCDA is linked with the DQ element "alternatives", as the identified alternatives should fit with the problem at hand. Therefore, the first step of an MCDA supports the decision quality by structuring the considered alternatives. In infrastructure tenders, a reference design is often provided by the client and can be used as input for the contractor's design alternatives. Contractors typically consider this reference model and will use their design and construction knowledge to come up with other feasible alternatives. 2. Determine the criteria that need to be considered:
This second step in an MCDA determines the criteria required to compare alternatives. This step is linked to the DQ elements "frame" and "information". The "frame" represents the boundaries of the decision that are determined by the considered criteria in an MCDA. These criteria determine what relevant information is required or should be known including the uncertainty in this information. For example, the price and nonprice criteria stated in the economic scoring formula used in public tendering as well as the contract requirements and possible opportunities and risks can be input to determine the criteria in an MCDA for an infrastructure tender. 3. Determine the scoring of each alternative per criterion: the scoring of the criteria is linked with the DQ elements "logic" and "information". The scoring of each alternative in an MCDA is affected by individual decision-making behaviour (Barfod et al. 2011) or group decision-making behaviour (Skorupski 2014) and can require the consideration of cognitive limitations (Simon 1979) or personal biases (Laing et al. 2014) . The scoring of each alternative includes considerations of uncertainty and risk which are affected by the increased level of complexity in a tender. 4. Summarize the scores and determine the solution:
the scoring of different criteria is combined for each alternative to find the best choice. The DQ elements "desired outcomes", "logic" and "commitment to action" are linked in this last step of an MCDA. The potential outcomes of each alternative are described in terms of qualitative and quantitative values, and a decision is made based on sound reasoning. That is, do we agree on the chosen solution and are we committed to this decision? These four steps cover all DQ elements, indicating the potential of MCDA in safeguarding the quality of design decisions in infrastructure tenders.
Multi-criteria decision analysis for design decisions in infrastructure tenders
Recent research has shown that decisions made in a construction tender do not hold up well once the project is awarded due to premature tender documents, too many changes in owner's requirements and unrealistically low tender-winning prices (Rosenfeld 2014) . 
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With the increased design responsibility of contractors in integrated projects, the quality of design decisions becomes additionally at stake since the tender phase introduces uncertainties related to the internal and external environment of the decision-making process (Durbach and Stewart 2012) . Uncertainties related to the external environment of design decisions arise through multiple stakeholders in integrated projects with often under-defined and conflicting objectives, changing and unique decision criteria, and unclear preferences over alternatives (Kim and Augenbroe, 2013) . Uncertainties related to the internal environment stem from limited time and resources for design tasks in a tender. Design teams are often forced to advance the design by taking decisions without completely understanding the entire set of requirements, the operational context and the emergent behaviour of the solution (Laryea 2013 , Van Der Meer et al. 2015 . Typically, decision-makers try to control internal uncertainties and assess external uncertainties of design decisions and MCDA is supposed to support them in this. However, two opposing challenges of design teams in a tender may undermine the potential of MCDA in ensuring decision quality. On the one hand, there is pressure to propel the design process by taking decisions under resource and time constraints. It has been shown that if decision makers experience time pressure, they process less information by narrowing down their field of attention and revert back to known behaviour in a rigid way (Klapproth 2008 ). MCDA does not provide guidance on how to obtain relevant information, how to construct the problem space and link relevant information appropriately to it. Thus, in pressurized situations, different frames, different levels of information, or different logics of the individuals involved are likely to be retained. On the other hand, there is a need to cope with design uncertainties. The application of MCDA requires the decision maker to either assess criteria in a deterministic way or assign probability distributions to criteria and establish utility curves to account for uncertainties. For design decisions in the tender context, the former can only revert to incomplete and insufficient information and the latter represents a time-consuming and methodological-demanding process (Velasquez and Hester 2013) . If, in addition, the decision maker is not able to understand the way MCDA methods work and whether these methods are appropriate to make the decision, then the outcome of an MCDA can create the illusion of a consistent and rational choice (Polatidis et al. 2006 , Scholten et al. 2015 . Although scholars have extensively addressed the methodological differences and challenges of MCDA methods, the relationship between MCDA and decision quality has gained little attention so far and there are currently no studies on this relationship for design decisions in integrated project tenders.
Research design
Longitudinal case study of an infrastructure tender
In order to explore the relationship between MCDA and decision quality in the tender context, a single longitudinal case study was set up. The chosen case was a large size infrastructure tender covering the integration of the design, engineering and (re)construction of a large traffic junction with more than 30 km of highway and at least 40 civil engineering objects. The case study took place over a period of 7 months starting with the tendering of the contract until the moment of submitting the tender. This time window represents a valid boundary for the investigation (Street and Ward 2012) since it reveals consistency and rationality of the decision-making process during the tender and thus the quality of the decisions made. The tender can be considered complex because of its large size, its multi-disciplinary scope, the integration of design, engineering and (re)construction phases and the limited preparation time of 7 months. The budget was capped at about e420 million. The tender organization consisted of a consortium of three contractors supported by a consultancy firm specialized in the planning phase of projects. The three contractors set up a separate firm for this project while the consultancy firm was involved as a special partner. The scope of the research was limited to the decision-making for the design of the traffic junction. The design decisions for the 40 objects and other parts of the highway were excluded. The rational for choosing a single case was that the investigated tender represents a "typical case" (Yin 2003) for integrated projects in the Dutch infrastructure sector in terms of the responsibility of contractors for integrating design and construction for an infrastructure composed of multiple objects, the involvement of multi-disciplinary teams in the design process, and the restricted time frame for preparing the tender. The case study results are expected to be insightful for similar projects. Another rationale was the longitudinal and exploratory character of the study (Yin 2003) through which the influence of the tender phase on the quality of design decisions could be revealed.
Data collection
During the tender period of 7 months, 6 observations and 10 interviews took place. Between 2 and 3 months after the tender submission, another 15 interviews were held (see Figure 1 ). The entire tender period as the selected time unit is appropriate for ensuring time unit validity (Street and Ward 2012) since this allowed capturing the change of decision quality elements as a result of the tender process.
The first author was actively involved in the project but took no part in the team that was responsible for the design decisions. This allowed the researchers to have full access to all project information including the trade-off matrices used for the design decision and memos of the design meetings. This involvement made it possible to quickly notice sudden changed situations and observe how the team reacted to such changes. These are for example changes in the attitude of the team after a meeting with the client or changes in contract requirements. The observations were carried out during weekly meetings between the management team and the head engineers. The objective of the observations was to identify the group process when discussing possible alternatives and identify the general opinion of the group regarding the current state of the design. The observations were carried out by the first author who made notes during the meetings. The observations, desk research and interviews allowed for triangulation of the data. To be able to assess the quality of the design decisions about the traffic junction and the related decision-making behaviour, the 25 interviews were divided into two separate rounds during and after the tender (Figure 1 ).
First round of interviews
In the first round (at T 1 ), 10 interviews were conducted with individuals from the management team and head engineers, which included the tender, design, process, road-design, construction-design, traffic, planning and construction managers, the scheduler and the calculator. The interviews were designed to determine the influence of the interviewee on the decision-making process and on the drawing up of the trade-off matrix. The 10 individuals were chosen because they were key players in the design and tender processes. The interviews were held half-way through the tender to ensure that the chosen solution in the MCDA at the end of the tender would not interfere with the responses given by the interviewees. A list of predetermined questions regarding the determination of the alternatives and the criteria, the availability of required information for scoring the MCDA and the logic behind the scoring formed the basis for the semistructured interviews. Each interview lasted $1 h. All interviews were recorded, transcribed and compared with the observations made during the tender.
Second round of interviews
The second round (at T 2 ) consisted of 15 interviews with key individuals to understand the decision-making process during their design task. The identical team members from round one were interviewed. However, five domain-specific specialists (geotechnical engineer, traffic specialist, architect, road engineer, and civil construction engineer) were also interviewed, because they were involved in the decision-making process of the traffic junction. The interviews were held directly after the tender submission to evaluate the decision process. This created the opportunity to re-create the decision-making process with the participants. However this time, the participants could use all the knowledge and information they gathered during the tender. The outcome of this re-created decision-making process was compared with the original outcomes of the tender. These semi-structured interviews lasted between 1 and 1.5 h and were recorded and transcribed.
To understand the decision-making process of the key individuals, the conceptual content cognitive map (3CM) method of Kearney and Kaplan (1997) was used. The 3CM method is a technique for exploring and measuring the engineer's perspective regarding the multi-criteria decision-making process in a graphical representation (Tegarden and Sheetz 2003) . These decisions are based on an engineer's mental model, as each engineer interprets information differently (Steiger and Steiger 2007) . Mental models are knowledge structures that integrate the ideas, assumptions, beliefs, facts and misconceptions that together shape the way an individual views and interacts with reality (Kearney and Kaplan 1997) . The benefit of explicitly mapping the different perspectives is required to frame information in a way that it encouraged evaluation of the engineers' decisionmaking process at an individual level (Ahmad and Azman Ali 2003) . This individual perspective on the decision-making process is valuable, as each individual engineer holds different cognitive maps due to their differences in experience and training. Using cognitive maps allowed us to compare all the individual mental models with the overall decisionmaking process during the tender. This method was especially valuable under the challenging circumstances of this tender context, because of the many multi-disciplinary criteria to be considered in just 7 months without knowing the impact of the chosen alternative on the planning and construction phase. The team had to re-design the junction within an existing junction, understand the consequences for the environmental impact assessment, and assess whether the new junction could be built with minimal nuisance for the traffic.
In preparation for the second round of interviews, a list of criteria considered relevant for general decision making in infrastructure tenders using trade-offs was developed (Table 2 ). This criteria list was developed by three experts with more than 10 years' experience in decision making in construction projects. They were not involved in the case study itself. Using this list created a situation in which all participants began with the same set of initial criteria, which is suitable to address large sample sizes and is less time consuming (Kearney and Kaplan 1997) .
The interviews were structured by the following steps:
1. The predetermined list of criteria was used to support the interviewee when choosing the most important criteria for the trade-off. To control for bias, the interviewees were told that they could also write down criteria that were not listed. 2. The interviewee had to give a short explanation of each chosen criteria. 3. The interviewee had to cluster all chosen criteria and had to state the relationship between the clusters. Within each cluster, the most important criteria were appointed. 4. The same steps were repeated to list the information sources they considered important for each criterion. 5. Upon completion of the map, the interviewee had to reflect on the decision-making process during the tender. This step allowed us to validate each created map, which was the result of the engineer's perspective regarding the multi-criteria decision-making process based on his experience during the tender. The interviewee had to state the similarities and differences between the created map and the decision-making process during the tender. The interviewee was also asked whether all relevant criteria were mentioned. 6. The interviewee had to compare the original trade-off (Table 3 represents the considered criteria in the ToM) with the created cognitive map. 7. The interviewee had to re-score the trade-off used during the tender. However, for the purpose of this interview, all the scores were erased that were given by the engineers during the tender. The scoring during the tender was given by domain-specific engineers who only scored the domain-specific criteria. For example, the road design manager scored the criteria for the road Not rated These criteria were only rated based on possible showstoppers. There were no showstoppers found in the design, so these criteria were not rated.
design while the civil design manager only scored the criteria for the constructions. During the interview, we simulated the same situation by asking the interviewee to re-score only the domain-specific criteria. At both scoring moments (T 1 and T 2 ), the engineers had to give a score ranging from À1 (this design solution is worse than the other design solutions), 0 (this design solution is as good as the other design solutions), 1 (this design solution is better than the other design solutions). At T 1 , the engineers scored 11 design solutions. These design solutions were based on 5 design solutions (turbine-stack hybrid, windmill interchange, two-level turbine, clover-stack interchange and a hybrid interchange) but with small changes in the design. At T 2 , the engineers only scored the top 3 design solutions because the interview time was limited. 8. We ended the interview by presenting the original scores to allow for a short narrative of the differences and similarities. We discussed the scoring variations with the engineer to account for possible differences caused by the reduction in compared alternatives.
Data analysis
The tender teams of the project case applied the weighted-sum method (WSM) (Triantaphyllou 2000) for the MCDA and used a trade-off matrix (ToM) as a tool for comparing and scoring design options on various criteria. The ToM also served as means in the case study to understand the MCDA process and the quality of the design decisions, since difficulties in achieving decision quality were expected in step two (determine the criteria) and three (determine the scoring) of the MCDA. The data analysis then also focused on steps 2 and 3 of building an MCDA. The creative process of step 1 is required as input for studying the decision process itself. This step is briefly described in the results for clarifying the case. Steps 2 and 3 were analyzed to create an understanding of the quality of the decision process. The combination of active involvement, observations and interviews made it possible to analyze the development of the design decisions in the related context of a tender. A summary of all the steps in the analysis is presented in Table 4 . The analysis started by coding both the interviews and the cognitive maps manually using software for qualitative data analysis (ATLAS.ti). First, the number of times a criterion is mentioned in the cognitive map was counted. Because people learn during their involvement in a project, it was assumed that the engineers would consider the criteria mentioned in the template of the ToM in their cognitive map. Besides these criteria used in the tender, we also wanted to reveal the criteria that were important to the individual engineer. To reduce the impact of Table 4 . Summary of the taken steps in the analysis.
Step Activity Aim Result for DQ-element I Analyze the results of the 1st interview round on the way the team designed the ToM.
Identify how the ToM is designed to understand the problem and determine the boundaries of the problem.
Decision frame required for the decision.
II
Analyze the results of the 1st interview round on how the team developed the various alternatives.
Identify how the team identified the various alternatives.
Alternatives used for the decision.
III
Compare the various interpretations of the ten most important criteria described in the cognitive map.
Understand the similarities and differences of actors' interpretations of criteria to describe the criteria consistency.
Impact on the decision frame by the definition of the boundaries of the scope. Impact on relevant information upon which a decision is based.
IIIa
Count the criteria in the cognitive maps.
Create the top ten of most mentioned criteria to identify the most important criteria.
Most important criteria that require information.
IIIb
Analyze the interpretations of the top ten most mentioned criteria between engineers.
Identify the different and shared interpretations of the most import criteria.
Indication for uncertainty about the criteria upon which a decision is based. Different interpretations decrease the reliability of information.
IV
Analyze the most important criteria considered in the cognitive maps and compare these criteria with the criteria considered in the original ToM.
Identify the similarities and differences of perceived important criteria and used criteria in the original ToM to describe the rationality of criteria.
Impact on the decision frame by the definition of the boundaries of the scope. Impact on the required information by the definition of the criteria that are most relevant for the context. IVa
Determine the average relative weight based on the relative weight given by each engineer in the cognitive maps.
Identify the possible learning effect of the project.
Overview of the important criteria required for the comparison with the criteria considered in the original ToM. V Analyze the scores given at T 1 and T 2 per criterion.
Identify the differences and similarities of the scoring to describe the consistency in scoring.
Impact on desired outcomes. An understanding of the potential outcomes of each alternative. Impact on required information.
learning, each engineer was asked to give a relative weight to the most important criteria listed in the cognitive map. Second, the absolute number of criteria mentioned in the cognitive maps were ordered based on their relative weight. The criteria that were only considered by one or two engineers were excluded from the analysis. For the most mentioned criteria, the engineers' interpretations were analyzed based on the similarities and differences. This strategy of using both interviews and cognitive maps was followed because the cognitive maps acted as a trigger to map the criteria and the interviews acted as a trigger to give an interpretation of the criteria.
In order to assess the DQ elements "frame", "information", "desired outcomes" and "logic", the consistency and rationality of the design criteria were analyzed. The element "frame" was analyzed by criteria consistency which comprises the extent to which the engineers had a shared understanding of the conceptual meaning of the criteria used at T 1 and T 2 . The data of the most mentioned criteria with the given interpretation were analyzed to find different and similar interpretations between engineers. The element "desired outcome" was analyzed by the scoring consistency; the difference between the original scores given at T 1 with the scores given at T 2 . The element "logic" was analyzed by the rationality of the decision making which covers the extent to which the decision process involved the use of the criteria being considered important in the cognitive maps and the reliance upon these criteria during the tender. The relative importance of each criterion at T 2 was compared with the criteria considered in the original ToM at T 1 . This resulted in a 2 Â 2 matrix in which the importance of the criteria based on the cognitive maps is set out against whether the criterion is considered in the ToM during the tender or not. The element "information" was analyzed at T 1 and T 2 by comparing the available and required information for evaluating and deciding on the design options.
Results
The results that define the quality of the decisions for the traffic junction in the case study are presented in the order of the four generic steps of an MCDA. First, we briefly report on the identification of alternatives and the understanding of the problem (step 1). Thereafter, we report on the DQ element "frame" based on the results of criteria consistency and report on the DQ element "logic" based on the rationality of the used criteria (step 2). Then, we report on the DQ element "desired outcome" based on the consistency in the scoring of the criteria (step 3). The decision made (step 4) is reported on last.
Determine various alternatives (Step 1)
A small team started with the creation of broad alternatives for the layout of the interchange to obtain a first impression of the problem. A creative session resulted in $25 alternatives. These were reduced to five alternatives, including the reference design of the client, by eliminating the alternatives that did not comply with the functional requirements in the contract: the required traffic speed, the minimum required connections and the traffic safety. This analysis was carried out by the design manager, traffic engineer, road engineer and architect. The remaining five alternatives formed the basis for the decision frame and roughly varied from one other by the type of intersection with the following four directions: turbine-stack hybrid, windmill interchange, two-level turbine, cloverstack interchange and a hybrid interchange. The management team together with the design managers created a so-called "strategy to win" the tender after the five alternatives were chosen. This "strategy to win" was the result of translating the assessment criteria stated in the contract: (1) reduction of nuisance during construction, (2) process approach, (3) sustainability, (4) CO 2 -ambition, (5), number of included wishes and (6) price.
Determine the criteria (Step 2)
At the start of the tender, the team decided on the criteria that should be included in the ToM. The "strategy to win" together with the contract requirements shaped the main criteria used in the MCDA. These criteria were translated into the sub-criteria listed in the ToM by each responsible discipline itself (see Table 3 ).
Criteria consistency
The most mentioned criteria in the cognitive maps are summarised (from most to least mentioned) in Table 5 . For each criterion, the given interpretations of the engineers are included in italics phrases. The interpretation of differences and commonalities are described in the analysis column of Table 5 . Consistent interpretation between the engineers exists for the criteria "schedule", "integrated team" and "phasing" whereas the interpretations for the criteria "risk", "requirements", "cost", "strategy to win" and f. Risks that are the consequences of the choices made.
-2. Strategy to win Ã Strategy to win has interpretations varying from the how-towin-strategy (a, c, e) to the determination of which parameters are required to win (b, d). All interpretations have in common that the strategy should be determined beforehand. The scope of the criterion strategy to win is not consistent between the interviewees. 2 a. To determine beforehand how to win the project.
b. To determine which parameters, you use to come up with solutions. What makes that we will win? -c. The strategy that is determined beforehand with which we will win the tender. 
Costs Ã
Costs have a narrow interpretation as being only the costs required to design and build the project (a, d), but also a broader interpretation as the cost including the EMVI costs or everything that can be quantified to costs (b, c). The scope of the criterion scope is not consistent between the interviewees. 2 a. These are the integrated costs (design, study and realization costs).
b. Cost, including the EMVI (Economically Most Viable Bid). -c. Money, everything that should be quantified to cost.
d. Cost, in the sense of money.
-6. Phasing Ã Phasing is interpreted as the different construction methods required to build the project and the alignment of these steps (a, b, c). 1 a. Phasing is the construction method, but also the assumptions.
b. Phasing in the sense of how can build the project, which steps do we have to take.
c. Construction method and phasing. -
Integrated team
Integrated team is interpreted as a solution that is being considered by more than one discipline or criterion. This means that a team should consist of more than one discipline (a, b, c, d). 1 a. Solutions are considered by more than one discipline to find optimal solutions.
b. Solutions are considered by more than one aspect. For example, costs for a site office are not only optimized, but also the occupation-time is optimized. Chance of succeeding with stakeholders.
-9. Creativity Creativity is interpreted as people being creative to a unique or innovative solution. Both the means (people) (c) and the result (solution) (a, b) can be meant. This means that the criterion creativity is not consistent between the interviewees. 2 a. To invent something that is handy. Close relation with innovation.
b. In sense of being unique, distinctive features. Not afraid to leave the beaten path. "support" show inconsistencies. In other words, these criteria were differently framed by the team members. The observation revealed that design discussions during the tender were focussed on the technical effects of the design without developing a common understanding of the predetermined criteria in the ToM. For example, the contract required a design speed of 100 km/h while during a meeting with the client a possible design speed of 80 km/h was discussed. This new customer need flowed into the discussion of the technical design effects (e.g. smaller curve radius) but without being explicitly incorporated in the framing of the decision criterion "requirements". As a result, some engineers interpreted the criterion "requirements" solely based on the scope of the contract while others also included the new customer need in their interpretation of the criterion "requirements". The use of the ToM tool supported the team in structuring the criteria but did not result in a shared framing of the problem. Table 6 represents the rationality in using the criteria which resulted from a comparison between the criteria used in the tender with the important criteria mentioned in the cognitive maps (Table 5 ). The criteria "schedule", "costs", "risks", "phasing" and "requirements" were considered important criteria during the tender and are mentioned as important criteria in the cognitive maps.
Rationality of criteria
The criteria "traffic flow", "traffic safety", "amount of engineering objects", "architectural design", "impact studies", "Economically Most Viable Bid (EMVB)" and "sustainability" were considered relevant during the tender but were identified as less important criteria in the cognitive maps at T 2 . Although being relevant, the criteria "impact studies", "EMVB" and "sustainability" were not scored in the tender. The available detail in the design made it impossible to differentiate between alternatives on these criteria for which the geographical location of the current junction was required. The other criteria (traffic flow, traffic safety, amount of engineering objects and architectural design) could be scored because the functionality of the alternatives could be compared at a functional level of the design, for example, by simply counting the number of engineering objects.
The criteria "strategy to win", "integrated team", "support", "creativity", and "collaboration" were seen as important in the cognitive maps at T 2 but were not explicitly mentioned in the MCDA during the tender. However, the interviews revealed that these criteria were implicitly considered as preconditions required for performing an MCDA. The various cognitive maps showed that, for example, the "strategy to win" was required as input for defining the criteria. The criteria "integrated team", "support", "creativity" and "collaboration" were preconditions to ensure that people interact and work together.
All criteria used in the tender were also mentioned in the cognitive maps. However, the criteria in the cognitive maps considered less important were project-specific criteria which were determined based on the required functionalities. Criteria mentioned to be important included those criteria that are crucial for any construction tender, such as "schedule", "cost", "risk", and "requirements".
Determine the scoring (step 3)
The scoring range of À1, 0, 1 was determined by the process manager at the start of the tender and formalized by the management team before the template of the ToM was used in the tender.
Consistency in scoring criteria
The results in Table 3 show that three criteria (critical requirements, functional traffic design and constructions) have equal scores at both T 1 and T 2 , two criteria (road design and architectural design) have different scores, while all remaining criteria (impact studies, schedule, procedures and support, risks, fictive disturbance hours, cost and EMVB) were not scored at all. The criteria that received similar scores at both moments were based on unchanged and available information during the tender. For example, the criteria "functional traffic design" and "critical requirements" were scored based on information regarding the functionality (traffic flow) in the design that did not change. The number of engineering objects could be easily counted and did not change during the tender.
The scoring of the criteria "road design" and "architectural design" were not consistent between T 1 and T 2 . This inconsistency is caused by a difference in the amount of available information between both moments. At T 1 , the design manager scored the criterion "road design" based on his experience. At T 2, the score was based on the available information regarding the required traffic speed, curve radius and the project contour boundaries. The inconsistency in the scoring of the criterion "architectural design" stemmed from additional information on customer needs that was received half-way through the tender as explained by the architect and road design manager. This information changed the way in which the architectural design would be assessed by the client.
A striking result for the criteria that were not scored at both moments is that four of these criteria (schedule, costs, risk and phasing) were considered important criteria (Table 5) . Engineers were not able to score these criteria because the level of design detail in the tender was insufficient to assess and compare alternatives on the criteria. For example, details about the exact geographical location of the current junction were required to score the criteria "phasing" and "costs" because this information determined the required space and the location of existing constructions. However, this detailed level of design and thus more detailed information were unavailable during the tender (see Table 3 ). Limited time and resources prevented the identification of other possible competitive solutions and the iteration between various (more detailed) alternatives. The interviewees and the observations during the weekly meetings indicated that engineers struggled with the limited available time. They requested more technical information about alternatives and were hesitant to make decisions. Additional client wishes to be incorporated in the design aggravated the time pressure. Eventually, there was no time left to find more detailed information and the engineers were forced by the management team to make choices and use the remaining time to finalize the bid.
Determine the solution (step 4)
To choose the economically most feasible solution (step 4), the team members discussed the results of the ToM at T 1 and used the conclusion of this discussion for their decision. The observation revealed that this logic was based on the engineers' preferences and experiences, given the available drawings of the alternatives. The ToM was only used to summarise and log the outcome of the decision after the decision was made. In addition, the ToM was not able to make the decision makers aware of the involved uncertainty in their decision. The scoring did not account for variations in criteria outcomes and the criteria "risk" was not scored at all. The ToM suggested a decision that would be based on a well-underpinned comparison of alternatives scored on different criteria while the actual decision was experience-driven and afflicted with risk and uncertainty.
Discussion
A decision process based on MCDA is expected to result in consistent and rational decisions and MCDA tools and methods should support the decision maker in structuring a complex decision-making problem by organizing and synthesizing the available information, identifying the criteria for selecting a solution, comparing design solutions and choosing a solution (Kabir et al. 2014) . There is mutual consent among scholars that depending on the decision situation and the decision maker different MCDA tools and methods can lead to different decision outcomes and therefore, in order to be supportive, should fit the decision context (Parkan and Wu 2000, Mela et al. 2012) . The presented case study adds to this research line on the usability and appropriateness of MCDA tools and methods by addressing their capability of ensuring decision quality. Instead of comparing MCDA tools and methods for a particular decision problem, it reveals the extent to which quality aspects of a decision can be at stake in a contextual setting of time pressure and limited information, despite the usage of an MCDA. Design decisions in tenders for integrated infrastructure projects have to be made in such a context. While in a traditional design process, more detailed design information is produced through iterative loops of designing, testing and evaluating, the number of iterations in the design process for an infrastructure tender are restricted by the tender duration. This leads to increased design uncertainty because detailed design information for finding an economically feasible solution is unavailable. Decision makers have to judge criteria based on a limited amount of information in a period of just a few months. The results of the case study suggest that in the tender context an MCDA does not necessarily support decision makers in making criteria judgements to allow for consistent and rational decisions and ensure qualitative decisions. It can even create the illusion of a rational decisionmaking process while the decision quality is characterized by several shortcomings as discussed below.
Variations in problem framing
The variations in the interpretation of the identified criteria indicate that the DQ elements "frame" and "information" were not agreed upon. The engineers' interpretation of the criteria defines the boundaries of the decision frame and consequently the information required for this decision frame. For example, different information is required if the criterion "risk" is interpreted as a "potential showstopper" compared to a "cost-related risk" interpretation. A "potential showstopper" requires information at a functional level of a solution while the "cost-related risk" requires more detailed information about the possible consequences in terms of, for example, costs. The boundaries of the "frame" determine the required level of information which results in different levels of uncertainty if information is not available. Without knowing and addressing this involved uncertainty, it is impossible to foresee whether one alternative is better than another alternative and thus to make rational decisions. The MCDA was not able to prevent these variations in problem framing and could not create awareness for the uncertainties emanating from them.
Differences in the logic of using and relying on criteria
The differences in the rationality of using criteria suggest that the "logic" of the decision making is not aligned with the appropriate level of design complexity. The criteria considered important (risk, costs, schedule) during and after the tender were not scored because of the shortage of design details. Besides the fact that these criteria were considered important by the interviewees, these criteria are also often classified as criteria that are important for any tender. However, without aligning these criteria with the scope of the tender it is not possible to score these criteria using considerations of risk and uncertainty, instead, the criteria were discussed within the tender team trying to understand the consequences of each alternative. The final decision was based on the partially filled ToM together with the results of the discussion, but without explicitly involving the related uncertainties in the ToM. The ToM supported the decision-making process by structuring the criteria and scoring the criteria if possible, but the ToM was not used for making the final decision based on the scoring results. The ToM was rather used to give the decision a rational character by structuring the decision at a level of detail that was not given while ignoring the incomplete and uncertain information underlying the decision.
Inconsistencies in the desired outcomes
The inconsistencies in the scoring of the alternatives before and after the tender indicate the influence of the available information on the DQ element "desired outcomes". If the scores were given based on the experiences of engineers, then the results show that roughly the same scores were given during and after the tender. If the scores were given based on the availability of information, then the results show differences in the scoring during and after the tender. For example, more information regarding the "client wishes" and "curve radius" became available during the tender and led to different scores. These results about the re-scoring of alternatives after submission of the tender point to the insufficient information available and time pressure faced during the tender and the reliance on experiences when making decisions (Klapproth 2008) . In combination with the unawareness of uncertainties in the design decision, this again shows the insufficiency of the MCDA to support design decisions in a tender context which may lead to the impression of soundly made decisions neglecting the uncertainties.
Managerial implications
Using MCDA tools and methods other than the ones in the case study will probably result in the same results because the decision process would still be based on the same amount of information using the same problem frame. Instead, the incorporation of DQ elements in the MCDA process by adding a few important steps can create the opportunity to better track the quality of the decision process. These steps should support a tender team in defining the scope of the criteria, in determining the uncertainty involved in the decision and should create situational awareness. The achieved decision quality for the traffic junction decision could, in this case, be improved by focusing on the DQ elements "frame" and "information". The boundaries of each criterion in an MCDA could be set by simply discussing the definition of each criterion. Such a discussion creates awareness about which criteria to consider and a common understanding of the criteria. These definitions can then be used to identify the required information for evaluating the alternatives and associated information uncertainties. The DQ elements then indicate when more focus is required on specific elements to increase the probability of finding the best competitive solution and make quality decisions without knowing the outcome of a decision.
Limitations
The limitation of the research design is that only the quality of the process could be indicated. Whether the most competitive solution was found could not be indicated. Furthermore, the research findings need to be interpreted closely within the specific context of the Dutch construction market and within the context of public tenders. The results are based on a single Dutch project which is considered a typical tender and therefore informative for other tenders. Nevertheless, further research should verify, test and compare our results from a broader perspective, for example in other similar tenders. The focus of this study was based on the interpretation and selection of criteria required for building a ToM. The way a ToM is scored was only briefly researched. We encourage further research into the scoring method itself and into the possibility of influencing the engineer in his perception of the problem. Each engineer has his/her own specific preferences or risk perceptions of the alternatives, which he/she uses to score the alternatives. The influence of both individual and team preferences and perceptions on the outcome of using a ToM is unknown. Therefore, not only is further research required to explore the link between decision analysis and decision quality, but further research is also required to explore the impact of preferences and perceptions of engineers on the scoring of alternatives.
Conclusions
By following an exploratory, longitudinal case study approach a tender for an integrated infrastructure project in the Netherlands was analyzed to capture the capability of MCDA to ensure the quality of design decisions made by engineers in the tender phase. Contributions are made to our understanding of MCDA in the context of the construction sector by taking a contractor's perspective on design decisions in public tenders, which is currently missing in the literature. It shows that in the tender context the decision making very much relies on the experience and knowledge of the engineers and that an inappropriately used MCDA can create impressions of soundly underpinned evaluations of design options while neglecting uncertainties and leading to low-quality decisions. Based on the insights of how a ToM as MCDA tool is used in the design practice of a tender it can be concluded that an MCDA defines the "what" is required in terms of structuring the decision problem, but it does not define the "how" to do it. The explicit consideration of DQ elements in MCDA can support the "how" by defining the decision frame for each criterion and supporting the evaluation of whether the quality of the used information is in line with the defined problem frame. Incorporating DQ elements in MCDA can create awareness for decision makers concerning importance, scope and uncertainty of criteria to consider in their search for a competitive solution without knowing the outcome of the decision.
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